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Accelerating crop improvement in sorghum, a staple food for people
in semiarid regions across the developing world, is key to ensuring
global food security in the context of climate change. To facilitate
gene discovery and molecular breeding in sorghum, we have charac-
terized ∼265,000 single nucleotide polymorphisms (SNPs) in 971
worldwide accessions that have adapted to diverse agroclimatic
conditions. Using this genome-wide SNPmap,we have characterized
population structure with respect to geographic origin and morpho-
logical type and identiﬁed patterns of ancient crop diffusion to
diverse agroclimatic regions across Africa and Asia. To better under-
stand the genomic patterns of diversiﬁcation in sorghum, we quan-
tiﬁed variation in nucleotide diversity, linkage disequilibrium, and
recombination rates across the genome. Analyzing nucleotide diver-
sity in landraces, we ﬁnd evidence of selective sweeps around starch
metabolism genes, whereas in landrace-derived introgression lines,
we ﬁnd introgressions around known height and maturity loci. To
identify additional loci underlying variation in major agroclimatic
traits, we performed genome-wide association studies (GWAS) on
plant height components and inﬂorescence architecture. GWASmaps
several classical loci for plant height, candidate genes for inﬂores-
cence architecture. Finally, we trace the independent spread of mul-
tiple haplotypes carrying alleles for short stature or long inﬂorescence
branches. This genome-wide map of SNP variation in sorghum pro-
vides a basis for crop improvement throughmarker-assisted breeding
and genomic selection.
Sorghum bicolor | quantitative trait locus | adaptation
Agricultural production and food security in the developingworld face numerous threats, particularly in semiarid regions,
which are acutely vulnerable to climate change (1). Sorghum
[Sorghum bicolor (L.) Moench.] is an important crop species for
farmers in semiarid and arid regions because relative to other
cereal crops it can sustain high yields where precipitation is low or
erratic. Thus, sorghum has become the major cereal crop in semi-
arid regions and a dietary staple for more than 500 million people,
predominantly in sub-Saharan Africa and south Asia (2). World-
wide, sorghum is grown for food (grain and syrup), animal feed,
ﬁber, and fuel in both subsistence and commercial agriculture sys-
tems. Because rising temperatures and reduced precipitation due to
climate change make some areas unsuitable for maize and rice
production, the importance of drought-tolerant crops like sorghum
is likely to increase (1). Current breeding priorities in sorghum seek
to mitigate climate-dependent stressors, both abiotic (e.g., drought
and acid soils) and biotic (e.g., insect pests and fungal diseases) (2).
To meet the projected doubling of global food demand over the
next few decades in the context of global change, the pace of crop
improvement must be accelerated (3).
Sorghum has a wide range of adaptation, and traditional varie-
ties from across Africa and Asia provide a rich source of mor-
phological and physiological traits for crop improvement (4–6).
The primary domestication of sorghum occurred near present-day
Sudan approximately 10,000 y ago, and diffusion occurred to di-
verse climates across Africa, India, the Middle East, and east Asia
between 8,000 and 1,500 y ago (7). Because of this ancient origin
and diffusion, adaptation to local climates and cultural practices is
reﬂected in morphological and physiological variation among and
within the ﬁve major types (races) of domesticated sorghum (8).
For instance, in parts of West Africa where rainy periods are long
and erratic, open panicle guinea types are preferred to reduce grain
mold and insect damage. Conversely, in parts of South and East
Africa where rainy seasons are relatively short and predictable,
dense panicle kaﬁr and durra types are preferred to increase grain
yield per plant (2). Further natural and human selection has oc-
curred in the United States over the past ∼150 y as temperate and
tropical germplasm from Africa and Asia has been adapted for use
in combine-harvested commercial agriculture (9).
Genomic analysis of diverse populations is increasingly being
used to uncover the genetic basis of complex traits, including agro-
climatic traits of crop species. Genome-wide single nucleotide
polymorphism (SNP) scans of population genetic parameters in
crops have been used to identify loci under selection (10, 11) and
dissect quantitative traits (11). In addition, genome-wide associ-
ation studies (GWAS) have been used to elucidate the genetic
basis of agronomic traits in rice (12) and maize (10). Nucleotide
diversity scans (13, 14) and association studies (5, 15) have been
carried out in sorghum, but the resolution and sensitivity of these
studies has been limited by the small number of markers (14).
Thus, compared with maize and rice, less is known about the ge-
netic basis of agronomic traits in sorghum. Among the four clas-
sical dwarﬁng loci that have been studied in sorghum for more
than 70 y (9), only one has been cloned (Dw3/SbPGP1) (16). Re-
cently, it has become feasible to genotype thousands of markers
rapidly and at low cost through the application of barcode multi-
plexing and high-throughput sequencing (17). To better under-
stand the diversity of sorghum, facilitate the genetic dissection of
agroclimatic traits, and accelerate marker-assisted breeding, we
characterized 971 sorghum accessions at 265,487 SNPs by using
genotyping-by-sequencing (GBS). Here, we describe a genome-
wide map of SNP variation, trace patterns of crop diffusion to
diverse agroclimatic regions, and use GWAS to identify genes
underlying natural variation in agroclimatic traits.
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Results and Discussion
Genome-Wide Map of SNP Variation. To represent the genetic, geo-
graphic, and morphological diversity of sorghum, we used 971
accessions from the world germplasm collections, combining three
previously deﬁned sorghum diversity panels (Dataset S1) (4–6).
The majority of these accessions consist of source-identiﬁed land-
races or traditional cultivars from across Africa and Asia (Fig. 1A).
Of these accessions, 238 are landrace-derived sorghum conversion
lines, in which alleles for short stature and early maturity were
introgressed into tropical landraces to facilitate the use of tropical
germplasm in temperate breeding programs (18). The remainder
consists of wild/weedy relatives or elite lines and breeding materi-
als, many of which have unknown geographic origin and/or mixed
ancestry. For each accession, we constructed ApeKI-reduced rep-
resentation libraries and generated a total ∼21 Gbp of sequence on
the Illumina Genome AnalyzerIIx/HiSeq by using GBS (Dataset
S2) (17). In total, 6.13 million unique 64-bp tags were identiﬁed
across all sorghum accessions. Eighty-ﬁve percent of these tags
aligned to the reference sorghum genome (19), and 384,561 pu-
tative SNPs were identiﬁed. After ﬁltering for local linkage dis-
equilibrium and tag coverage (>10% of taxa), 265,487 SNPs were
retained, with an average density of one SNP per 2.7 kbp.Of 27,412
annotated genes in the reference sorghum genome, 72% were
tagged by a SNP within the gene and 99% were tagged by a SNP
within 10 kb. Importantly, this genome-wide map of SNP variation
is of sufﬁcient resolution for GWAS in sorghum, given >100,000
SNPs are estimated to be required (14). Additionally, because of
simultaneous SNP discovery and genotyping, this sequencing-based
SNP map will have little ascertainment bias and greater power for
mapping studies (20).
Linkage Disequilibrium and Recombination Rates. Characterizing
patterns of linkage disequilibrium (LD) is critical for the design of
association studies (21, 22), interpretation of association peaks
(12), and the transfer of alleles in marker-assisted selection (23).
To characterize the mapping resolution for genome scans and
GWAS, we quantiﬁed the average extent of LD decay and
localized patterns of LD for each chromosome (Table S1 and Fig.
S1). On average, LD decays to 50% of its initial value by 1 kb and
to background levels (r2 < 0.1) within 150 kb. These LD decay
estimates are higher than previously published values in sorghum
of 15–20 kb (24) and 50–100 kb (14). This difference may be at-
tributed to low genome coverage of markers and fewer genotypes
in previous studies. Because sorghum is a predominantly selﬁng
species, but readily outcrosses, we expect a greater extent of LD
than in out-crossing species (25). Accordingly, the extent of LD in
sorghum is similar to that in rice (∼75–150 kb) (22), another self-
pollinated crop, but much greater than in maize (∼2 kb) (26),
which is an outcrosser. Sliding window (1 Mb) estimates of pair-
wise LD show that telomeric regions have lower LD than cen-
tromeric regions (Fig. S1B). This pattern is likely due to higher
historical recombination rates in telomeric regions compared with
centromeric regions (Fig. 2C). The average recombination rate in
sorghum (1.4 ρ/kb) is intermediate relative to recent estimates in
plants such asArabidopsis (0.8 ρ/kb) (21) andmaize (2.2 ρ/kb) (26).
Based on these results, we expectmapping resolution to rangewidely
across the genome, from single-gene resolution in some telomeric
regions to megabase-level resolution near the centromeres.
Population Structure and Geographic Differentiation. To understand
the geographic structuring of genetic diversity, we contrasted ge-
nome relatedness among 971 sorghum accessions to the stated
location of origin and morphological descriptors in the worldwide
germplasm database. The resulting neighbor-joining trees (Fig.
1B) and Bayesian clustering analysis (Fig. S2 andDataset S3) show
population structuring along both morphological type and geo-
graphic origin, conﬁrming previous analyses (4, 14) and providing
additional insights into the ﬁne-scale patterns of ancestry resulting
from crop diffusion. Of the ﬁve morphological types, the kaﬁr
sorghums that predominate in southern Africa show the strongest
pattern of population subdivision relative to other races (Fig. 1B
and Fig. S2). Durra type sorghums, found in warm semiarid or
warm desert climates of the Horn of Africa, Sahel, Arabian pen-
insula, and west central India, form a distinct cluster that is further
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Fig. 1. Germplasm origin and genetic relationships among worldwide sorghum accessions. (A) Geographic origin for 469 of 971 worldwide accessions, for
which source location is known, color-coded by morphological type. (B) Genetic relatedness among the same 469 accessions assessed by neighboring joining
method, with the predominant region of origin for each cluster noted, or in one case, the cluster containing guinea margaritiferum types. Worldwide
sorghum populations show structuring by morphological type within regions.
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differentiated according to geographic origin. Bicolor types are not
notably clustered, except those from China (known as kaoliang),
which forms a distinct subgroup and shows genetic similarity
to durra types, particularly those from Yemen. Caudatum types,
which are primarily found in tropical savanna climates of central
Africa, are diverse and show only modest clustering according to
geographic distribution. Finally, guinea types, which are widely
distributed in tropical savanna climates, show ﬁve distinct sub-
groups, four of which cluster according their geographic origin (far
west Africa, west Africa, eastern Africa, and India). A ﬁfth guinea
subgroup, which includes guinea margaritiferum types, forms a
separate cluster along with wild genotypes from western Africa
(Fig. 1B) and may represent an independent domestication (4).
In the neighbor-joining analysis but not the Bayesian clustering,
Indian guinea types cluster with durra types, likely due to ad-
mixture with sympatric Indian durra populations (Fig. S2).
The structure of sorghum populations provides insight into his-
torical processes of crop diffusion within and across agroclimatic
zones of Africa and Asia. Diffusion across agroclimatic zones is
expected to be rare relative to diffusion within agroclimatic zones
(27). Indeed, the patterns of relatedness among sorghum pop-
ulations suggest that agroclimatic constraints have been at least as
important as geographic isolation in shaping the diffusion process
(Fig. S3). Among the four phylogenetically supported sorghum
types (kaﬁr, durra, guinea, and caudatum), there is the least pop-
ulation structure among caudatum types, which range primarily in
the ancestral region of domestication or adjacent areas with similar
climate (Fig. 1A). The one geographically structured subpopulation
of caudatum is the latitudinal-diffused subpopulation from high-
land areas in east Africa. Although durra types diffused widely
across Africa and Asia, they are restricted to regions with semiarid
and desert climates (Fig. S3). This diffusion included kaoliang
sorghums, which are likely derived from durra populations of the
Middle East, but are found in cold semiarid regions of northern
China (Fig. 1 and Figs. S2 and S3). Similarly, although guinea types
have diffused over long distances, from western Africa to south-
eastern Africa and eastern India, they remain restricted to tropical
savanna climates. Interestingly, Bayesian clustering analysis suggest
that the temperate/subtropical-adapted kaﬁr type is derived from
(or at least shares ancestry with) guinea types of east African pop-
ulations (k= 3 through k= 6; Fig. S2). In this case, the kaﬁr typemay
represent major phenotypic divergence and genetic bottlenecking
resulting from a shift to a contrasting agroclimatic zone.
Genomic Patterns of Nucleotide Variation. To investigate the geno-
mic signatures of domestication and diversiﬁcation in sorghum, we
quantiﬁed genome-wide nucleotide variation across sorghum land-
races. Overall, average nucleotide diversity (π) was 0.00037/kb, θ =
0.00017/kb, and Tajima’s D value of 3.6. A scan of expected het-
erozygosity (He) values across the genome revealed many mega-
base-scale regions of low heterozygosity including a∼40-Mb region
of reduced nucleotide variation around the centromere of chro-
mosome 7 (Fig. 2A). Of six starch-related genes previously studied
as a priori candidates for domestication loci (15, 28), two are found
at regions with notably low heterozygosity (Fig. 2A). The starch
biosynthesis enzyme brittle endosperm 2 (bt2) gene, which has been
shown to be a likely domestication locus inmaize (28) and sorghum
(15), is at the base of the low heterozygosity region on chromosome
7. The size of this low diversity region and extensive LD (Fig. S1)
may be due to low recombination rates in this pericentromeric
region (Fig. 2C) or the presence of additional loci under selection.
Another a priori domestication candidate from starch metabolic
pathways, transcription factor opaque2 (15), is found at the base
of a low heterozygosity region on chromosome 2. Lastly, another
recently identiﬁed domestication locus, the shattering gene Sh1,
is found at the edge of a region with moderately, but not strikingly,
lower heterozygosity, consistent with the observation that non-
shattering alleles are found on at least three haplotypes in do-
mesticated sorghums (29). The large footprints of selection we
observe here (up to several megabases) are consistent with the
predominance of inbreeding in sorghum. Selective sweeps in
out-crossing maize left smaller footprints (<100 kb) (30) than in
self-pollinating rice (250 kb to 1 Mb) (31).
In sorghum conversion lines that carry introgressions of early
maturity and short stature alleles, we also observedmajor reduction
in heterozygosity in several genomic regions (Fig. 2B). These re-
gions colocalize with previously mapped height [Dw2 (32), Dw3
(16), and Dw1/SbHT9.1 (33)] and maturity loci [Ma1/SbPRR37
(34)] that are recessive in the introgression donor BTx406. In
contrast, another classical maturity locus,Ma3/phyB (35), which is
wild type in BTx406 and therefore was not under selection during
the conversion process, shows no such reduction in heterozygosity.
On chromosome 6, the low heterozygosity region extends from
approximately 6.6 Mb to 42 Mb (the Ma1/Dw2 locus), suggesting
that another height ormaturity locusmay be localized at 6.6Mb (SI
Results and Discussion). As was seen in the landraces, we ﬁnd that
Fig. 2. Genome-wide patterns of SNP variation. (A) Genome-wide variation of expected heterozygosity for sorghum landraces, smoothed with a 2000 SNP
moving average. The location of the centromeres are noted by the gray bars. Dotted vertical lines indicate the Shattering1 (Sh1) domestication locus and two
orthologs of starch-related domestication loci from maize (opaque2 and brittle endosperm2) that colocalize with regions of reduced diversity. (B) The relative
heterozygosity in sorghum conversion lines compared with landraces. The reduction in heterozygosity in conversion lines is due to introgressions of short
stature and early maturity alleles, with known dwarﬁng (dw) and maturity (ma) loci noted. (C) Genome-wide variation in historical recombination rates
averaged across 10 subpopulations. Wider regions of reduced heterozygosity occur in regions near centromeres with low recombination rates.
Morris et al. PNAS | January 8, 2013 | vol. 110 | no. 2 | 455
A
G
RI
CU
LT
U
RA
L
SC
IE
N
CE
S
large LD blocks result when selection occurs in low recombination
regions around the centromere (Fig. 2 B and C).
GWAS. The genome-wide map of SNP variation we generated
permits the dissection of complex traits in sorghum by using GWAS.
To elucidate the genetic basis of plant height in sorghum, we de-
termined associations between SNPs and plant height components
by using data from 336 lines in the sorghum association panel
(SAP; Fig. 3 and Fig. S4) (5, 33). Plant height is an important
component for many agroclimatic traits such as competitive growth
with weeds, resistance to lodging, and, in the case of temperate-
adapted grain sorghums, the efﬁciency of combine harvest (2). Be-
cause this panel incorporates a large fraction of sorghum conversion
lines with introgressions of dwarﬁng alleles, we know that much of
the variation for height in this panel has a common genetic basis.
We identiﬁed SNPs associated with total plant height, and two
height components: preﬂag height, which quantiﬁes elongation in
the lower portion of the stem, and ﬂag-to-apex length, which
quantiﬁes elongation in the upper portion of the stem (Fig. S4).
TheDw3/SbPGP1 gene provides a positive control for GWAS (16).
It is known that the reduced height of dw3 mutants is due to re-
duced elongation of lower internodes, therefore we considered
preﬂag leaf height as a measure of lower internode elongation (33).
The third most signiﬁcant association peak for preﬂag height is
found at the dw3 locus [within 12 kb for general linear model
(GLM) and 22 kb for compressed mix linear model (CMLM)]. We
also reﬁned the mapping location of dw1 and dw2 and identiﬁed
a possible location of dw4 (SI Results and Discussion).
Because the SAP includes a large fraction of converted lines,
with large introgressions around height and maturity loci, the
previous analysis does not reﬂect a typical GWAS case. To vali-
date the broader applicability of GWAS in sorghum, we also
sought to dissect a trait that was not a target of selection in the
sorghum conversion program. Inﬂorescence architecture is a ma-
jor agroclimatic trait that, in part, deﬁnes themajor morphological
types in sorghum (8). Moreover, because the genetic basis of in-
ﬂorescence architecture is well-studied in maize, rice, and Arabi-
dopsis, there are many a priori candidate genes that can be
considered to evaluate the mapping approach. Indeed, several of
the signiﬁcant association peaks for inﬂorescence branch length
were located in or near a priori candidate genes for inﬂorescence
architecture, which are homologous to known maize, rice, or Ara-
bidopsis ﬂoral regulators (Fig. 4A and Table S2). For example, two
peaks are in, and one is near (47 kb), C2H2 zinc ﬁnger transcription
factors homologous to the classical maize ﬂoral development
gene INDETERMINATE 1 (ID1) (Fig. 4A and Table S2) (36).
Another association peak was found in a sorghum ortholog of
Arabidopsis UNUSUAL FLORAL ORGAN (UFO) and rice
ABERRANT PANICLE ORGANIZATION 1 (APO1). In rice,
apo1 mutants exhibit small panicles and fewer branches (37).
In sorghum, strong population structure among the morpho-
logical types presents a challenge for mapping the genetic basis of
the inﬂorescence architecture and other population-associated
traits. Although statistical controls for population structure have
proven effective here, the effects of population structure can be
better addressed by the experimental design of mapping popu-
Fig. 3. GWAS of preﬂag leaf height using landraces and introgression lines. (A) Manhattan plot for compressed mixed linear model with known dwarﬁng
loci indicated. (B–D) GWAS peaks for height colocalize with reductions in heterozygosity in the sorghum association panel due to introgression of short
stature and early maturity alleles. (E–G) Geographic distribution of alleles at dw2, dw3, and dw1/SbHT9.1, respectively, color-coded by allele (A, green; C, blue;
T, red; G, orange).
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lations, using regional mapping (20) or nested-association mapping
(NAM) (38) approaches. Because of the use of sorghum conver-
sion lines, the SAP captures some aspects of the NAM approach.
The introgressions reduce the confounding effects of maturity
differences in diverse germplasm (5) and, for height and maturity
loci, improve mapping power by increasing the frequency of rare
alleles (33). However, because the introgressions originate from
the same donor line (BTx406), the large blocks of linked non-
causative variation reduces the resolution of the association anal-
ysis (Fig. 2B). Also, the low diversity around height and maturity
loci on chromosomes 6, 7, and 9 may prevent the mapping of QTL
for other traits in these regions, especially on chromosome 6 where
most of the chromosome has been introgressed in sorghum
conversion lines (Fig. 2B). In some cases, therefore, mapping
populations without converted lines will be more effective for
association studies.
Geographic Distribution of Haplotypes. To gain further insight into
the origin and spread of haplotypes linked to agroclimatic traits, we
characterized the geographic distribution for SNPs of interest in
330 source-identiﬁed landraces that are independent of the lines
used for GWAS. As expected given the role of Ma1/SbPRR37 in
temperate zone adaptation (34), a previously identiﬁed functional
variant (K162N) is near ﬁxation in high-latitude kaﬁr accessions
from southern Africa and rare (<5%) elsewhere (Fig. S5). The
three major height QTL identiﬁed by genome scan and GWAS,
dw2, dw3, and SbHT9.1, have distinct allelic distributions across
Africa and Asia (Fig. 3 E–G). One of the alleles at the SNP closest
to the putative SbHT9.1 causative gene (GA2-oxidase) (39) is
found at high frequency (>90%) in East African durra, Indian
durra, and Chinese accessions and low frequency (<10%) in all
other accessions (Fig. 3G). Likewise, one allele at the Dw2 QTL
peak is common in northeast Africa and Asia and rare elsewhere
(Fig. 3E). This pattern is consistent with a common genetic basis for
semidwarﬁsm in east African and Asian sorghums, conferred by at
least two causative polymorphisms, and originating from ancestral
East African durra populations. Taken together, the evidence
suggests that the classical dwarﬁng alleles were likely selected from
standing variation in durra (dw1, dw2, dw4) and kaﬁr (dw3) land-
races (SI Results and Discussion).
The geographic distribution of alleles at inﬂorescence branch
length QTL also reveals evidence of the independent spread of
multiple alleles controlling branch length (Fig. 4 B–D). In general,
the minor allele associated with longer branches is found at high
frequency in West African guinea populations, and in a number of
cases it also is found in other geographically distant populations.
Interestingly, none of the alleles at top branch length association
peaks were restricted to durra accessions (Table S2 and Fig. 4 B–
D), suggesting that we were able to identify QTL for the long-
branch phenotype in guinea types, but not QTL for the short-
branch phenotype in durra types. This result may be attributed to
stronger population structuring of durra populations, compared
with guinea, which can confound mapping of traits (20). Given the
statistical correction for population structure, we did not map QTL
underlying the branch length differences among major morphol-
ogical types, rather we mapped QTL for branch length segregating
within the morphological types, which are globally rare but locally
common (10) (Table S2 and Fig. 4 B–D).
Conclusion
A better understanding of genetic diversity in sorghum will support
in situ conservation efforts, enhance the use of germplasm collec-
tions, and guide ongoing collection efforts (40). This genome-wide
map of SNP variation will accelerate molecular breeding by ex-
panding the diversity of germplasm accessible to crop improvement
programs and increasing the resolution of GWAS, marker-assisted
selection, and genomic selection (23, 41). By facilitating crop im-
provement in locally adapted and locally improved cultivars, ge-
nomic analysis of diverse crop germplasm can play an important
role in supporting sustainable agriculture in Africa, Asia, and
semiarid regions worldwide.
Materials and Methods
Plant Materials. Diverse sorghum germplasm from worldwide collections
were used, combining three diversity panels: the US sorghum association
panel (SAP) (5), the sorghum mini core collection (MCC) (6) and the Gener-
ation Challenge Program sorghum reference set (RS) (www.icrisat.org/
Fig. 4. GWAS on inﬂorescence branch-length and geographic distribution QTL alleles. (A) Compressed mixed linear model using ﬁrst three principal com-
ponents of population structure as covariates. Candidate genes at peaks are indicated (Table S2), with association peaks in the given gene denoted by black
triangles and outside the given gene by gray triangles. (B–D) Worldwide distribution of alleles at three branch-length QTL illustrate the spread of haplotypes
associated with variation in branch length, color-coded by allele (A, green; C, blue; T, red; G, orange).
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what-we-do/crops/sorghum/Sorghum_Reference.htm). We were able to
obtain appropriate plant material for 971 accessions (Dataset S1). The SAP was
obtained from GRIN (www.ars-grin.gov). Country of origin, and approximate
latitude and longitude for source-identiﬁed accessions, were obtained from
the SINGER crop germplasm database (www.genesys-pgr.org).
Genotyping by Sequencing. DNA from MCC and RS lines (5–6 plants per ac-
cession) was isolated from 12-d-old seedlings by using the CTAB protocol (42).
SAP DNAs were isolated by using DNeasy Plant Mini Kit (Qiagen). Genomic
DNAs were digested individually with ApeKI (recognition site: GjCWCG), and
96- or 384-plex GBS libraries were constructed (Dataset S2) (17). DNA se-
quencing was performed either on the Illumina Genome Analyzer IIx or
HiSeq2000. Sequencesweremapped to the BTx623 sorghum reference genome
(19) by using BWA (43), and SNPs were called with the TASSEL 3.0 GBS pipeline
www.maizegenetics.net/tassel/). Sequence tags, 64-bp sequences that included
a leading 4-bp C[T/A]GC signature from the cut site, were identiﬁed, and tags
with at least 10× total coveragewere retained.Missing datawere imputedwith
NPUTE (44).
Population Genetic Analysis. Hierarchical population structurewas estimatedby
using the ADMIXTURE program (45), a model-based estimation of ancestry in
unrelated individuals usingmaximum-likelihoodmethod. The neighbor-joining
trees were built and heterozygosity calculated by using the ape package in R
(46). Pairwise LD was calculated (r2) separately for each chromosome by using
TASSEL 3.0 (47). Recombination rates were inferred by using Bayesian re-
versible-jump MCMC under the cross-over model of rhomap in LDhat (48) with
1 million iterations and 1 million burn-ins. Rates were estimated separately
for each subgroup identiﬁed by ADMIXTURE at k = 10. To avoid confounding
effects of shared introgressions, SAP lines were not included in recombination
and LD analyses.
GWAS. Published phenotypes for plant height components and inﬂorescence
branch length for the SAP were used for GWAS (33). GWAS was carried out in
Genomic Association and Prediction Integrated Tool (49) by using a (i) GLM; or,
to control for population structure, (ii) CMLM with population parameters
previously determined (50) with the ﬁrst three principal components as cova-
riates. Bonferroni correction was used to identify signiﬁcant associations.
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